Beam power is a fundamental parameter that describes, in part, the state of a supermassive black hole system. Determining the beam powers of powerful classical double radio sources requires substantial observing time, so it would be useful to determine the relationship between beam power and radio power so that radio power could be used as a proxy for beam power. A sample of 31 powerful classical double radio sources with previously determined beam and radio powers are studied; the sources have redshifts between about 0.056 and 1.8. It is found that the relationship between beam power, L j , and radio power, P , is well described by log L j ≈ 0.84(±0.14) log P + 2.15(±0.07), where both L j and P are in units of 10 44 erg s −1 . This indicates that beam power is converted to radio power with an efficiency of about 0.7%. The ratio of beam power to radio power is studied as a function of redshift; there is no significant evidence for redshift evolution of this ratio over the redshift range studied. The relationship is consistent with empirical results obtained by Cavagnolo et al. (2010) for radio sources in gas rich environments, which are primarily FRI sources, and with the theoretical predictions of Willott et al. (1999) .
INTRODUCTION
A powerful classical double radio source, also known as an FRII source (Fanaroff & Riley 1974) , is powered by large scale outflows from a supermassive black hole system that resides at the center of a galaxy (e.g. Blandford & Rees 1974; Scheuer 1974 ). The energy per unit time, or beam power, carried from the vicinity of the supermassive black hole to the large scale radio source is a fundamental physical parameter that, in part, describes the physical state of the black hole system. The beam power can be used to study many aspects of the source, the source population, interactions of the source with its environment, and the role of feedback between the black hole system, its environment, and the host galaxy (e.g. Silk & Rees 1998; Willott et al. 1999; Eilek & Owen 2002; Birzan et al. 2004; Croston et al. 2005; Cavagnolo et al. 2008; Daly 2009 Daly , 2011 Cavagnolo et al. 2010; Martínez-Sansigre & Rawlings 2011) .
It is possible to determine the beam power of a classical double (FRII) radio source using multifrequency radio data that covers most of the radio emitting region and resolves several different regions of each radio lobe (e.g. Rawlings & Saunders 1991; Daly 1994; Kharb et al. 2008; O'Dea et al. 2009; Daly et al. 2010 ); see O'Dea et al. (2009) for a detailed discussion of the method. Obtaining these data requires a considerable amount of observing time. If a relationship between beam power and radio power can be established, it can be applied to other FRII sources so that their beam power can be estimated from their radio power.
The relationship between beam power and radio power has been studied for samples of radio sources that reside in gas rich environments. These sources are primarily FRI sources (Fanaroff & Riley 1974) at relatively low redshift (Cavagnolo et al. 2010; Birzan et al. 2008 ; Rafferty et al. 2006; Dunn et al. 2005; Birzan et al. 2004 ). It has also been studied for a small sample of 14 FRII galaxies in the context of an open cosmological model (Wan & Daly 1998 ).
Here, the relationship between beam power and radio power is determined for a sample of 31 FRII radio galaxies with a broad range of redshift. The sample is described in section 2. The results are presented in section 3, discussed and compared with other results and model predictions in section 4, and summarized in section 5. A standard spatially flat cosmological model with normalized mean mass density Ωm = 0.3, cosmological constant ΩΛ = 0.7, and Hubble constant H0 = 70 km s −1 Mpc −1 is assumed throughout.
SAMPLE
The sample studied consists of 31 very powerful FRII radio galaxies with redshifts ranging from about 0.056 to 1.79 and core-hot spot sizes ranging from about 30 to 400 kpc drawn from the sample studied by O'Dea et al. (2009) . The sources have both beam powers and radio powers determined, and are 3CRR sources (Laing, Riley, & Longair 1983) . The sources and source properties are listed in Table 1. The intrinsic 178 MHz energy per unit time per unit frequency, Pν(178 MHz), is listed in column 3, and is determined from the 178 MHz flux density, fν, and the radio spectral index, α, defined as fν ∝ ν −α . Radio flux densities and spectral indices are obtained from Jackson & Rawlings (1997) and Willott et al. (1999) . The 178 MHz radio power, P178, is obtained by multiplying Pν (178 MHz) by 178 MHz, and the integrated radio power, Pint is obtained by integrating Pν over the frequency range from 200 to 400 MHz using the radio spectral index listed in column 9. This frequency range is selected to match that studied by Cavagnolo et al. (2010) so that the results can be easily compared. Values of P178 and Pint are listed in columns 4 and 5, respectively, of Table 1 . Beam powers, Lj , are the weighted sum of the beam power from each side of a given source obtained from O'Dea et al. (2009) and are listed in column 6. The ratio of the beam power to the radio power is listed in columns 7 and 8 for P178 and Pint, respectively.
The classical double radio galaxies studied here are among the most powerful extended radio sources known in the cosmos. These powerful radio sources are often much larger than their parent galaxies and have cigar-like radio lobe structure indicating that the forward region of the radio emitting lobe is moving into the ambient gas supersonically (e.g. Alexander & Leahy 1987; Leahy, Muxlow, & Stephens 1989; Liu, Pooley, & Riley 1992) . Since the structure of the sources indicates that each is growing at a supersonic rate, the equations of strong shock physics may be applied to the sources (Leahy, Muxlow, & Stephens 1989) . As discussed in detail by Leahy (1990) , Rawlings & Saunders (1991) , Daly (1990 Daly ( , 1994 , Wan & Daly (1998) , Wan et al. (2000) , and O' Dea et al. (2009) , for example, this means that the beam power Lj = κLvP ′ a 2 , where κL is a constant, v is the rate of growth of the source, a is the radius of the cross-sectional area of the forward region of the shock, and P ′ is the postshock pressure. Each of these parameters has been determined empirically. O'Dea et al. (2009) provide a detailed description of the method and related uncertainties and a comprehensive list of beam powers obtained using this method; these are the sources studied here. Remarkably, O'Dea et al. (2009) found that the beam power is independent of offsets from minimum energy conditions due to a cancellation of the way the offset enters into the determinations of P ′ and v, so the beam power is insensitive to assumptions regarding minimum energy conditions. The beam power studied here has been obtained using the equation Lj = κLvP ′ a 2 , where κL = 4π (e.g. Leahy 1990; Wan et al. 2000) . The rate of growth of the source v is obtained using the equation v = ∆x/∆t. The change in the radio spectrum across a region ∆x along the symmetry axis of the source is used to obtain the time ∆t that has elapsed for the source length to change by an amount ∆x. The spectral aging method of Meyers & Spangler (1985) was applied to the Kardashev-Pacholczyk and Jaffe-Perola models (Jaffe & Perola 1973) to obtain ∆t, and similar results were obtained with both models. Details of the method used to obtain the quantities described above and the computations of their uncertainties are given in sections 2.1, 2.2, 3.1, 3.2, and 3.3 of O'Dea et al. (2009) . In brief, uncertainties in the injection spectral index, and the flux density at each frequency studied are included in the uncertainty of ∆t obtained for each value of ∆x. Several different values of ∆x were considered for each source, and the value of ∆x/∆t obtained was found to be independent of the value of ∆x. In the computation of the rate of growth of the source, offsets of the true magnetic field strength B from minimum energy conditions were parameterized by B = bBmin where Bmin is the minimum energy magnetic field, and the geometric mean of the minimum energy fields 10 and 25 kpc from the hot spot along the symmetry axis of the source were used to obtain Bmin over the spectral aging region. The postshock pressure P ′ was taken to be the pressure in the region 10 kpc behind the hot spot moving toward the core of the host galaxy along the symmetry axis of the radio source; the pressure can be written P ′ = (1.33b Wan et al. 2000) , where Bmin here is obtained 10 kpc from the hot spot. It is shown in section 3.3 of O'Dea et al. (2009) that the offset from minimum energy conditions entering through v cancels that entering through P ′ so that, for the sources studied here, Lj is independent of offsets from minimum energy conditions. The uncertainty of the beam power is dominated by the uncertainties of the source rate of growth and pressure. The half-width of the source a is taken to be the deconvolved half-width of the source, which is equal to 3 −1/2 times the deconvolved FWHM of the source (see, for example, section 5.1 of Wellman et al. 1997) . Widths were extracted at 1.4 GHz a distance 10 kpc behind the hot spot. Detailed studies of these sources show that the source width is independent of the frequency of observation for the range of frequencies studied (Daly et al. 2010) . For the new sources studied by O'Dea et al. (2009) , the widths were obtained using a cross-sectional slice taken perpendicular to the symmetry axis of the source, as described by Daly et al. (2010) . The deconvolved FWHM, wt, is given by wt = (w 2 G −w 2 b ), where wG is the FWHM of the best fit Gaussian to the slice and w b is the observing beamwidth. The widths obtained were found to be in good agreement with those obtained earlier by Wellman et al. (1997) . The uncertainty of the deconvolved FWHM, δwt, was obtained using the expression (δwt) 2 = (wG/wt)
2 , where δwG is the uncertainty of the FWHM of the best fit Gaussian profile and δw b is the uncertainty of the observing beam. In practice, δwt was always very close to δwG; only widths very close to the hot spot had a larger uncertainty, and these were at most about 35 % larger than δwG.
RESULTS
The beam power was studied as a function of radio power for the full sample of 31 sources and for a sample of 30 galaxies obtained by excluding the lone low redshift source in the sample, Cygnus A. Very similar results are obtained using the radio power defined by P178 and Pint, and considering the samples of 30 and 31 sources. The results are illustrated in Figure 1 , and best fit parameters are listed in Table 2 . The uncertainties on the best fit parameters have been adjusted to bring the reduced chi-square of the fit to unity. Overall, the data are described by the equation log(L44) = 0.84(±0.14) log(P44) + 2.15(±0.07) ,
where L44 ≡ Lj /(10 44 erg s −1 ), and P44 ≡ P/(10 44 erg s −1 ). For powerful FRII sources, most of the radio power is produced by the outer half of the radio lobe (near the radio hot spots) (e.g. Leahy, Muxlow, & Stephens 1989) . The result obtained here, L44 ≈ (140 ± 20)P 0.84±0.14 44
, is consistent with Lj ∝ P at about one sigma. These results are consistent with those obtained with a sample of 14 radio galaxies (Wan & Daly 1998) . The efficiency with which beam power is converted to radio power is ǫ = P/Lj ≈ 0.007P
0.16±0.14 44
, and the constant of proportionality suggests the beam power may be converted to radio power with an overall efficiency of about 0.7 %.
The radio power and the beam power each increase with redshift, so there is a concern that the intrinsic relationship between beam power and radio power may be masked because each is correlated with redshift. This effect can be circumvented by studying the ratio Lj /P rather than studying each quantity separately. To explore this, the ratio of the beam power to the radio power, Lj /P , is studied as a function of redshift with and without Cygnus A. The results are illustrated in Figure 2 , and best fit parameters are listed in Table 2 . Without Cygnus A, the ratio Lj/P is independent of redshift, indicating that Lj ∝ P is intrinsic to the sources. When Cygnus A is included, there is a tendency for the ratio to increase with redshift though the significance of the result is only about one sigma. This suggests that the relationship between beam power and radio power obtained for powerful classical double radio sources is intrinsic to the sources and is independent of redshift for redshifts ranging from about 0.4 to 2, and possibly for redshifts from about zero to 2.
The expression used to obtain the beam power can be compared with that used to obtain the radio power of a given source. The radio power is obtained by integrating the radio surface brightness of the the source to obtain the flux density, multiplying this by the luminosity distance squared and appropriate redshift factors, and multiplying by the rest frame radio frequency or integrating over radio frequency to obtain P178 or Pint, respectively. The beam power depends on Lj ∝ ∆xν 
, where a10 and a25 are the widths and S10 and S25 are the mean surface brightnesses of cross-sectional slices of the radio lobe 10 and 25 kpc, respectively, from the hot spot along the symmetry axis of the source and νT is the spectral aging break frequency. This expression assumes that synchrotron cool- Figure 1 . Beam power as a function of radio power for the 31 radio galaxies in the sample. The radio power shown is obtained at 178 MHz as described in the text. The best fit line to this data set is shown, and parameter values are listed in Table 2. ing dominates over inverse Compton cooling and that b ≤ 1, both of which apply to the sources studied here (O'Dea et al. 2009). As noted above, the length ∆x is measured from the hot spot to the location along the symmetry axis of the lobe where the break frequency νT is measured, and the product ∆xν 1/2 T was found to be independent of ∆x, thus, the beam power is also independent of ∆x (O'Dea et al. 2009 ). The beam power depends upon several factors that do not enter into the calculation of the radio power, and the radio power depends upon factors that do not enter the beam power, so the correlation obtained here between these two parameters is likely to characterize an intrinsic physical relationship between beam power and radio power. In addition, the results obtained here are consistent with those obtained by Cavagnolo et al. (2010) who used a completely different and independent method of determining the beam power, as discussed in section 4.
DISCUSSION
The results obtained here can be compared with those obtained by Cavagnolo et al. (2010) who studied radio sources in gas rich clusters of galaxies and other gas rich environments. Cavagnolo et al. (2010) expanded upon the sample studied by Birzan et al. (2008) by adding very lower power radio sources to the sample. The sources studied by these groups are primarily FRI sources. The method used to obtain the beam power for these sources is significantly different from that described in section 3. For the radio sources in gas rich environments studied by Birzan et al. (2008) and Cavagnolo et al. (2010) , the P dV work done by the relativistic plasma on the intracluster medium is obtained and combined with the buoyancy timescale of the radio source to obtain the beam power (e.g. Fabian et al. , and the coefficient may be approximated as 370 ± 130. As noted by these authors, the buoyancy timescale is likely to be an overestimate of the true source age and some of the sources may be affected by multiple outflows; these uncertainties would increase the uncertainties on parameters stated above.
The slope of the relationship obtained here, 0.84 ± 0.14, is within one sigma of that obtained by Cavagnolo et al. (2010) , 0.70 ± 0.12. The normalization of the relationship obtained by Cavagnolo et al. (2010) , 370 ± 130, differs from that obtained here, 140 ± 20 by less than 2 sigma. Thus, the results obtained are remarkably similar even though different types of radio sources at different redshifts are studied. The small differences that do exist may be accounted for by uncertainties in fitted parameters, or by intrinsic differences between the sources. More data will be needed to compare results obtained with different methods in more detail.
The agreement between the results obtained here and those of Cavagnolo et al. (2010) is particularly remarkable because the interaction of the sources with their environments is quite different: the forward region of FRII sources is moving supersonically with respect to the ambient gas resulting in a strong shock whereas FRI sources are not moving supersonically and in any case the method used by Cavagnolo et al. (2010) does not include energy that has gone into shocks. The results of Cavagnolo et al. (2010) described above imply an efficiency of conversion of beam power to radio power of ǫ = P/Lj ≈ 0.003P
0.3±0.12 44
; the slope is consistent with zero at about 2.5 sigma and the coefficient suggests a conversion efficiency of about 0.3%. If the slope is taken to be non-zero, it would suggest that the conversion efficiency increases with radio power and is about 0.3% at a power of 10 44 erg/s. Thus, both types of source appear to convert beam power to radio power with similar efficiencies: about 0.7% for FRII sources and about 0.3% for FRI sources. This provides a hint that the physics of the conversion of beam power to relativistic electrons and magnetic fields may be similar for FRI and FRII sources, perhaps with the efficiency of conversion increasing with radio power for FRI sources. Alternatively, it is possible that different physical processes for the conversion of beam power to radio power have similar efficiencies.
The results obtained here can be compared with the theoretical model described by Willott et al. (1999) , who found that Lj ≈ 1.7 × 10 45 f 3/2 (P44) 6/7 erg s −1 , where the term f is expected to lie between 1 and 20 and is a combination of factors including the filling factor of the lobes, departure from minimum energy conditions, and the fraction of energy in non-radiating particles. This model prediction is obtained in the context of a detailed model based on the work of Falle (1991) and Kaiser & Alexander (1997) 
SUMMARY
A sample of 31 powerful FRII radio galaxies is studied to determine the relationship between beam power and radio power for sources of this type. The data indicated that log(L44) = 0.84(±0.14) log(P44) + 2.15(±0.07), where L44 ≡ Lj /(10 44 erg s −1 ), and P44 ≡ P/(10 44 erg s −1 ). The results listed in Table 2 may be applied to samples of FRII sources with known radio power to obtain estimates of the beam power.
To determine whether the relationship between beam power and radio power evolves with redshift, the ratio of the beam power to radio power was studied as a function of redshift with and without the one low redshift source, Cygnus A. Excluding Cygnus A, there is no redshift evolution of the ratio of beam power to radio power. Including Cygnus A, there is a tendency for the ratio to increase with redshift, but the significance of the result is marginal. Thus, there is no conclusive evidence at this time that the ratio evolves with redshift.
The results obtained here are broadly consistent with those obtained by Cavagnolo et al. (2010) for samples of radio sources in gas rich environments, which consist primarily of low redshift FRI sources. Interestingly, the results obtained here are consistent with the radio power being proportional to the beam power, with an efficiency of conversion of beam power to radio power of about 0.7% that is independent of or very weakly dependent upon radio power. This is comparable to the efficiency of about 0.3% indicated by FRI sources, which may be weakly dependent upon radio power in the sense that the efficiency of conversion of beam power to radio power may increase weakly with radio power.
The relationship between beam power and radio power obtained here may be compared with theoretical predictions obtained in the context of a specific model for the sources. The agreement between the results obtained here and the detailed model described by Willott et al. (1999) is quite impressive. Input values for each side of each radio galaxy (RG) are obtained from by O'Dea et al. (2009) , who used the data sets of Leahy, Muxlow, & Stephens (1989) , Liu, Pooley, & Riley (1992) , , and new observations. The beam power is obtained by applying the equations of strong shock physics to the source. 
